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Pennsylvania where ‘Boss’ worked 
the rest of the year. I spent most 
of my four years of college in his 
lab there, except for a few required 
courses; then on the strength of 
Boss’ recommendation to me, the 
next step was the graduate program 
at Rockefeller, and the intellectual 
rigor of my next boss, my PhD 
advisor Alfred Mirsky... 
What in your view is the 
distinguishing feature of 
developmental biology with respect 
to other natural sciences? It is the 
source of causality, the genome. 
Developmental biology differs 
from other sciences, physics, for 
example, most profoundly because 
of the organizing role of the primary 
informational content of the genome. 
The genomes of animals are the 
unique products of a billion years 
of evolution. Much of the encoded 
regulatory information is used to 
direct the processes of development, 
and how this works is the basic 
answer to how development works. 
The intellectual history of this inquiry 
has deep roots. Long before modern 
biology came into being, thoughtful 
and curious people were aware 
that in development the embryo 
grows continually in complexity, 
in terms of the number of different 
body parts. But is this just an 
illusion? For a time in the late 18th 
century, European philosophers 
were convinced that it must be an 
illusion, that there is no reasonable 
or intuitively acceptable or logical 
way to explain developmental growth 
in organismal complexity, so that 
what really happens as an embryo 
develops is just growth in size; that 
within the head of the sperm is a 
minute but fully formed version of 
the adult body plan. But what was 
once thought to be inexplicable, 
we now can actually understand. 
For the first time it has become 
possible to perceive how the whole 
informational system operates in 
development. No, the organism is not 
pre-formed in the head of the sperm, 
but the head of the sperm and the 
egg nucleus do carry an immensely 
complex, species-specific, regulatory 
program for the stepwise process 
of embryonic development, the 
physical basis of which lies in 
the regulatory DNA sequence. 
Furthermore, the molecular biology 
of the 2nd half of the 20th century 
taught us that even though there 
are several apparently different 
strategies by which the initial phases 
of embryogenesis occur, all animals 
at root use essentially similar 
control strategies to build their body 
plans. Furthermore, all animals are 
equipped with about the same sets 
of developmental control genes. The 
recent discovery of highly conserved 
gene regulatory network kernels 
provides specific examples of how a 
solution for one animal may point the 
way to solutions for other, in some 
cases distantly related, animals.
Looking back, what would be your 
advice for how to think creatively in 
the most productive way? When I 
muse about this question, a recurrent 
image comes to mind. I am in a 
comfortable field surrounded by a 
wall of thorny bushes. There are a few 
gaps one could crawl through, but 
most lead only a few yards and end 
blindly in sand traps. But there is one 
place where the gap leads to a trail 
which then gets bigger and broadens 
out as it penetrates the forest, and 
then brachiates, and then in due 
course gives rise to great highways 
which traverse the distant lands of 
future knowledge…The problem 
for those who would venture into 
distant lands, who would leave the 
intellectual comforts of the familiar 
field, is: how to recognize the right 
place to crawl through the wall of 
thorns? The answer lies in the shape 
of the mental triangle composed of 
intuition, current knowledge, and 
logic. For me the true and dominant 
guide must always be logic: intuition 
may provide the impetus; constant 
reference to what is known, even a 
little known, may provide the reality 
checks. But the choice of the way to 
a path that actually leads somewhere 
that turns out to be a real and new 
terrain, and not just a dead end, 
must be by constantly thinking ahead 
about what makes sense in terms of 
logic, step by step, as far as one can 
possibly see… 
What are the most useful attributes 
in today’s scientific world? That’s 
easy: inexhaustible optimism, 
inexhaustible curiosity, inexhaustible 
energy and inexhaustible honesty!
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What is the difference between 
saying a trait is inherited and saying 
that it shows heritability? It is said 
that characteristics ‘run in families’. 
Genes are passed on from parents 
to offspring, and differences in 
genes cause some of the differences 
between individuals. There is no 
difference in principle between saying 
that traits are inherited and that they 
show ‘heritability’, but the concept of 
heritability is useful for characteristics 
that are partly affected by genetic 
differences and partly affected by 
environmental differences. 
In the case of a trait that has a 
simple genetic determination, such as 
red-green colour-blindness, caused 
by a single genetic variant on the X 
chromosome, we can make precise 
predictions, such as saying that all 
sons of a colour-blind woman will 
themselves be colour-blind. However, 
not all traits have simple patterns of 
inheritance. So-called ‘multifactorial’ 
traits are affected by genetic 
differences, but are also affected 
by differences in the environment. 
Furthermore, the genetic variation is 
the sum of small effects of genetic 
differences at many loci. It is for 
traits like this that the concept of 
‘heritability’ is particularly useful. 
So what precisely is ‘heritability’? 
Heritability is based on the statistical 
idea of ‘partitioning the variance’. 
If there is a variable characteristic, 
it will have a variance, and the 
variance will arise from different 
causes. The variation in what we 
see — the phenotype — is described 
as the phenotypic variance, or VP. 
The two major contributors to the 
phenotypic variance are differences 
in genes and differences in the 
environment between individuals. 
What allows the phenotypic variance 
to be partitioned is that if there 
are multiple independent sources 
of variation in a trait, each with 
its own variance, then the sum of 
the variances from these sources 
will be equal to the total variance. 
This allows us to partition the total 
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genetic differences, VG, and that due 
to differences between individuals in 
their environments, VE.
What types of environmental 
differences cause VE —things like 
diet and infectious disease? Yes, 
those things are included, but the 
environmental variance VE is a catch-
all term for all sources of variation 
that are not genetic. For example, 
even in a constant environment, there 
will be inherent stochasticity in the 
developmental process, which causes 
some individuals to differ slightly from 
others, and this is all part of VE. 
So the heritability is the proportion 
of the phenotypic variance that is 
due to genetic differences? Yes 
and no. In its simplest form, the 
so-called ‘heritability in the broad 
sense’, the heritability is indeed 
VG/VP. But this is not a very useful 
measure. Some types of genetic 
variation do not automatically 
create similarities between relatives. 
Imagine a genetic locus with two 
equally frequent alleles, A and a. Now 
imagine that individuals that have 
both A and a alleles (heterozygotes) 
tend to be tall, and individuals that 
have either two copies of A or two 
copies of a (homozygotes) tend to 
be short. The genotypes thus affect 
height, but there are no tallness and 
shortness alleles — it’s the way they 
are combined into individuals that 
determines height. 
So, in this case, tall individuals 
(the heterozygotes) will pass on 
A and a in 50:50 proportions, and 
short individuals, which will include 
a mixture of AA and aa individuals 
in equal proportions, will also pass 
on the two alleles in a 50:50 ratio. 
This type of genetic variation is 
called dominance variance, or VD, 
and it is one type of genetic variance 
(another is the epistasis or interaction 
variance, VI, caused by interactions 
between alleles at different genetic 
loci). Technically, we describe 
homozygotes and heterozygotes as 
having the same ‘breeding value’ 
in this case, because the alleles that 
they pass on are the same and thus 
the expected phenotypes of their 
offspring are also the same. 
We could, however, equally 
imagine a situation where individuals 
that are AA tend to be tall, those 
that are aa tend to be short, and Aa heterozygotes are exactly 
intermediate. Now A can be seen as 
a ‘tallness’ allele, and the genes have 
an ‘additive effect’ on height, and 
breeding from tall parents will give 
tall offspring. This type of genetic 
variation contributes what is called 
the additive genetic variance, VA. 
So the genetic variance comes in 
different forms, VA, VD and VI, and 
it is the VA that predicts similarities 
between parents and their offspring. 
For this reason, there is less interest 
in the total genetic variance, but 
rather in that part that is derived from 
genes’ additive effects, VA. A different 
type of heritability, called ‘heritability 
in the narrow sense’, defined as 
VA/VP and symbolised by h2, is what 
is generally used. Heritability — a 
ratio of variances, is a dimensionless 
number between zero and one.
So is the heritability of a particular 
trait in a particular species a kind 
of constant which will always have 
the same value? Not at all. The 
heritability describes a particular 
population in a particular set 
of environments. We can cross 
individuals to their siblings for 
many generations, creating inbred 
lines, where all the individuals are 
genetically identical. Individuals from 
an inbred line differ phenotypically, 
but no trait shows any heritability, 
because of the lack of genetic 
variation.
It is also interesting to compare 
wild and laboratory populations. We 
might expect heritability to be lower in 
wild populations because, in the wild, 
environments will be more variable 
than the controlled conditions of the 
laboratory, and so VE will be higher, 
and the proportion of the phenotypic 
variance that is VA correspondingly 
reduced. However, the additive 
genetic variance can itself depend 
on the environment. A systematically 
different environment experienced 
by a wild population, relative to the 
same population reared in a lab, 
might cause genetic variants to have 
a bigger effect on the trait, and the 
genetic variance could be higher in 
the wild even though the genes of the 
two populations were identical.
How do you measure h2? This is 
done by examining correlations 
between relatives. For example, in 
flies, in families, you can measure a 
trait such as the number of bristles on the legs, and observe, for each 
family, the mean value of this trait in 
the two parents and the mean in their 
offspring. The slope of the regression 
line, across families, of the offspring 
mean on the parental mean estimates 
the heritability. If the slope were zero, 
and the parents with many bristles 
have offspring with the average 
number of bristles, that would imply 
that it was not their genes that made 
the parents with high numbers of 
bristles differ from the mean. In reality, 
however, almost every trait measured 
in populations recently derived 
from the wild shows appreciable 
heritability. 
What is the importance of knowing 
the heritability? One reason comes 
from plant and animal breeding, 
which uses artificial selection to 
increase commercially important 
characteristics. Because h2 measures 
the proportion of the variance in 
a trait that is due to the additive 
effects of genes, it predicts how 
successful artificial selection will 
be in changing the mean value. So, 
suppose we wished to increase our 
flies’ bristle numbers by breeding 
from individuals that have the most 
bristles. We define the selection 
differential, S, as the difference 
between the mean bristle number of 
the individuals we select for breeding 
and that of the population as a 
whole. Will our selection succeed? 
In other words, will the mean bristle 
number of offspring of our selected 
individuals be raised relative to 
the mean of the population in the 
previous generation? The change in 
bristle number between these two 
populations is called the response to 
selection, R. It can be shown that the 
response depends on the selection 
differential applied and on the narrow 
sense heritability h2. Specifically: 
R = h2S
This is called the breeder’s equation.
Is this similar to Darwinian natural 
selection? Absolutely, and for 
this reason many are interested 
in looking at wild populations, 
measuring selection (in this case 
natural selection) on traits, measuring 
the heritability of the trait (through 
correlations between relatives), 
and thereby predicting, using the 
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Theories of animal approach 
behaviour suggest that reward can 
create low-level biases in perceptual 
and motor systems, potentiating the 
processing of reward-associated 
environmental stimuli and causing 
animals to instinctively orient 
the head and eyes toward these 
objects [1]. However, the idea that 
reward can have this kind of direct 
impact on subsequent oculomotor 
processing has never been robustly 
tested, and existing research has 
largely confounded low-level effects 
with those mediated by strategy 
and attentional-set [2]. Here we 
demonstrate in humans that saccade 
trajectories are disrupted by a reward-
associated distractor even when 
participants expect this object, know 
where it may appear, and do their best 
to ignore it. The reward history of a 
visual object thus has a direct, low-
level, and non-strategic influence on 
how we deploy our eyes. 
Prior research on the role of reward 
in oculomotor programming has largely 
relied on experimental designs in which 
neural or oculomotor responses to 
reward-predictive stimuli are examined 
[3]. This type of design does not allow 
for the distinction between a direct 
impact of reward and an influence 
mediated by strategy. Humans and 
other animals tend to look out for 
objects that provide information about 
upcoming reward [4], and this kind 
of attentional set is known to enhance 
visual and oculomotor responses [5]. 
Oculomotor bias toward reward-
predictive stimuli thus is likely to reflect 
a strategic, indirect influence of reward 
feedback, mediated by attention, 
rather than the low-level, non-strategic 
priming proposed by theory. 
Here we test whether a visual 
object’s reward history has an 
impact on saccadic trajectory that 
is independent of strategy, and 
even in spite of it. We measured 
eye movements in eighteen healthy 
humans while they completed a 
saccadic selection task. This involved 
Correspondence orienting the eyes from a central fixation point to a target located 
at either the top center or bottom 
center of a computer screen. In every 
trial a task-irrelevant distractor was 
presented slightly to the left or right of 
the direct path between fixation and 
the target (Figure 1A). The distractor 
could be red with the target green, 
or vice versa, and this was randomly 
determined for each trial. Participants 
knew that stimuli at the distractor 
locations must be ignored and that 
the colors of the target and distractor 
were task irrelevant. 
Prior research with this type of 
display has shown that the distractor 
will cause target-directed saccades 
to deviate from their normal path, 
curving toward the distractor when 
the saccade is initiated quickly and 
away when it occurs later in time 
[6]. This time-course of deviation is 
thought to reflect the development of 
a spatially-specific inhibitory response 
to distractor salience, and saccadic 
deviation is accordingly used as a 
behavioural metric of salience in the 
oculomotor system [7].
When participants correctly 
deployed their eyes to the target 
they received a reward, either 1 
or 10 points, with earnings for the 
experimental session determined by 
the number of accumulated points. 
Critically, reward magnitude was 
random: so long as participants 
completed the task correctly, they 
were as equally likely to receive 
high-magnitude reward as low.
We expected that receipt of 
high-magnitude reward would 
potentiate subsequent processing 
of target features, increasing their 
relative salience [8]. Accordingly, 
when high-magnitude reward was 
received and the target and distractor 
colors swapped between trials, the 
distractor — now characterized by 
the color that defined the rewarding 
target in the immediately preceding 
trial — would have a stronger impact 
on the target-directed saccade. 
Trials were therefore binned based 
on two orthogonal experimental 
dimensions: whether the immediately 
preceding trial had garnered high or 
low-magnitude reward, and whether 
the target and distractor colors had 
swapped between trials (Figure 1A). 
We also separated trials into short 
latency, mid latency, and long latency 
conditions, reflecting the speed with 
which the saccade was initiated after of the population (which is now an 
evolutionary response).  
Wouldn’t that be a good way of 
studying evolution in action over a 
few generations? One would think 
so. In particular, it is possible to 
measure all three components of the 
breeder’s equation, and see directly 
whether R = h2S. But, quite often, it 
appears that R does not equal h2S. 
For example, a study on antler size in 
red deer showed that red deer with 
larger antlers had more offspring than 
red deer with smaller antlers, and 
antler size has a high heritability. Yet 
no response to selection, R, could be 
detected. How is this possible? The 
problem is not in the measurement 
of h2 or R, but in the measurement 
of S. In artificial selection, where 
individuals are selected by the 
experimenter on the basis of their 
value of the trait, it is the trait itself 
that determines reproduction, and 
any source of variation in the trait will 
affect which individuals are chosen. 
But, in studies of natural selection, 
all that is seen is a correlation 
between measured fitness and 
the trait. In this case, therefore, 
the trait itself does not necessarily 
cause the fitness differences. An 
environmental insult, such as disease, 
could simultaneously lower the trait 
value and also survivorship and/or 
reproduction, in other words, fitness. 
The consequence is that it is possible 
to have a trait–fitness correlation, 
arising from a purely environmental 
covariance, which creates the false 
impression of selection, without 
there being any correlation between 
fitness and the breeding value of 
the trait. What matters is the genetic 
correlation between fitness and the 
trait. 
Where can I find out more?
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